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credited.SUMMARY
Although growing evidence indicates atypical long-
distance connectivity in autism spectrum disorder
(ASD), much less is known about local connectivity,
despite conjectures that local overconnectivity may
be causally involved in the disorder. Using functional
connectivity MRI and graph theory, we found that
local functional connectivity was atypically increased
in adolescentswith ASD in temporo-occipital regions
bilaterally. Posterior overconnectivity was found to
be associated with higher ASD symptom severity,
whereas an ASD subsample with low severity
showed frontal underconnectivity. The findings sug-
gest links between symptomatology and local con-
nectivity, which vary within the autism spectrum.INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopmental disor-
der of increasing prevalence, with recent estimates at 1%–2.5%
(CDC, 2012; Kim et al., 2011). In the past decade, consensus has
grown that sociocommunicative and other impairments in ASD
relate to disturbances at the level of brain networks and connec-
tivity (Geschwind and Levitt, 2007), as supported by findings of
white matter growth anomalies in infants and toddlers (Courch-
esne et al., 2011a; Wolff et al., 2012) and white-matter compro-
mise in children and adolescents (Shukla et al., 2011). In contrast
to ample evidence from fMRI studies suggesting atypical
(predominantly reduced) long-distance functional connectivity
(Vissers et al., 2012), there is little firm knowledge about local
connectivity in ASD. This is surprising given the evidence of
abnormal cellular organization in cerebral cortex in ASD from
postmortem studies (Amaral et al., 2008), in particular, findings
suggesting atypically tight packing of cortical minicolumns with
reduced lateral inhibition (Casanova and Trippe, 2009). Conjec-Cetures that local connectivity may be atypically enhanced (Bel-
monte et al., 2004a) have been largely based on indirect
evidence, such as findings indicating increased cortical excita-
tion/inhibition ratios (Rubenstein andMerzenich, 2003).Whereas
resting-state functional connectivity MRI (rs-fcMRI) has become
a method of choice for the study of long-distance connectivity
(Van Dijk et al., 2010), its usefulness in assessing local connectiv-
ity has also been demonstrated in healthy adults (Sepulcre et al.,
2010). We used rs-fcMRI implementing connection density
measures from graph theory to examine local functional connec-
tivity in adolescents with ASD and typically developing (TD)
adolescents.
RESULTS
Both groups (Table 1), which were matched for headmotion (see
Experimental Procedures), showed relatively strong local con-
nectivity in posterior cingulate cortex and precuneus, medial
prefrontal cortex, and medial occipital lobe (including primary
visual cortex; orange and red areas in Figures 1A and 1B),
whereas the temporal lobes (except for posterior portions)
showed relatively low connectivity (green and cyan areas in Fig-
ures 1A and 1B). Direct group comparisons yielded increased
local connectivity in the ASD group in temporo-occipital regions
(including inferior and middle temporal gyri, temporal pole, mid-
dle and superior occipital gyri, calcarine cortex, right parahippo-
campal gyrus, right fusiform gyrus, and left cuneus) and right
middle and superior frontal gyri. Reduced local connectivity in
the ASD group was detected only in small clusters in middle
cingulate and right inferior parietal sites (Figure 1C; Table S1).
Within the entire cerebral cortex, local connectivity density was
positively correlated with Autism Diagnostic Observation
Schedule (ADOS) (Lord et al., 2001) social reciprocity (r = 0.40;
p = 0.018) and repetitive behavior scores (r = 0.61; p < 0.001),
whereas no diagnostic correlations were found for local density
in the cingulate and parietal underconnectivity clusters.
Given the observed diagnostic correlations, we examined
regional patterns of local connectivity abnormalities in greaterll Reports 5, 567–572, November 14, 2013 ª2013 The Authors 567
Table 1. Participant Information
n
TD Group ASD Group
p29 (seven female) 29 (four female)
Handedness 25 R, 4 L 26 R, 3 L
Age (years) 13.5 (2.2) 13.8 (2.4) 0.74
Verbal IQ 106.2 (9.5) 105.4 (20.9) 0.84
Nonverbal IQ 108.1 (10.0) 106.3 (18.5) 0.65
Full-scale IQ 108.0 (8.9) 107.9 (19.0) 0.97
Head motion (rmsd) 0.15 (.14) 0.14 (.11) 0.78
ADOS Algorithm Scores
Social reciprocity - 8.2 -
Communication - 3.4 -
Repetitive behavior - 2.1 -
rmsd, root-mean-square displacement; R, right; L, left; IQ and ADOS
scores missing for one ASD participant.depth by dividing our ASD cohort into high and low symptom
severity subgroups. We applied an algorithm, using predefined
quantitative criteria (see Experimental Procedures) to optimally
partition the ASD sample into two subgroups (Table S2) that
differed maximally on ADOS social and repetitive behavior
scores while being maximally matched for head motion, which
is crucial for local connectivity analyses (Power et al., 2012;
Satterthwaite et al., 2013; Tyszka et al., 2013; Van Dijk et al.,
2012). For the higher-severity subgroup, we found extensive
clusters of exclusive overconnectivity, predominantly in poste-
rior brain regions (Figure 1D; Table S3). The low-severity
subgroup showed a very different pattern, characterized by
widespread local underconnectivity in left lateral and bilateral
polar and medial frontal cortices, with limited overconnectivity
in temporo-occipital regions (Figure 1E; Table S4). For all regions
showing local connectivity abnormalities in either high- or low-
severity groups combined (all clusters in Figures 1D and 1E),
we found significant correlations between local connectivity
and ADOS social scores (r = 0.41; p = 0.015) and repetitive
behavior scores (r = 0.68; p < 0.001; Figure 2).
DISCUSSION
Whereas both TD and ASD groups showed overall patterns of
local connectivity consistent with previous results for healthy
adults (Sepulcre et al., 2010), significant group differences
were detected, which overwhelmingly reflected increases of
local connectivity in the ASD group, with clusters in primary
visual and extrastriate cortices, extending into the temporal
lobe (Figure 1C). Except for small clusters in the right frontal
lobe, no local overconnectivity was detected in anterior brain
regions. Conversely, local underconnectivity was observed in
ASD participants with low symptom severity occurring exclu-
sively in anterior brain regions across the frontal lobe.
Widespread local overconnectivity in our cohort of adoles-
cents with ASD partially supports an earlier hypothesis (Bel-
monte et al., 2004b; Rippon et al., 2007), for which little direct
empirical evidence has been available thus far (see review in
Vissers et al. [2012]). However, overconnectivity was almost568 Cell Reports 5, 567–572, November 14, 2013 ª2013 The Authorsexclusively detected in adolescents with higher symptom
severity and occurred predominantly in posterior brain regions,
i.e., in regions that participate in visual processing. This regional
pattern of overconnectivity is remarkable in view of existing evi-
dence suggesting that vision may have a special status in the
neuropsychological profile of ASD, including islands of superior
function (Simmons et al., 2009). Specifically, many visual studies
have indicated a preference for local processing in ASD, poten-
tially at the expense of global gestalt processing (Dakin and Frith,
2005), which is consistent with the more general model of ‘‘weak
central coherence’’ (Happe´, 1999). Local processing strengths
are supported by more robust evidence than global processing
weaknesses (Dakin and Frith, 2005), which may suggest that
visual perception is actually generally enhanced in ASD (Mottron
et al., 2006). This appears consistent with atypical participation
of visual cortices across various tasks, including nonvisual
ones (Samson et al., 2012; Shen et al., 2012), in ASD.
Only two small clusters of reduced local connectivity were
detected in the full ASD sample, compared to the TD group,
occurring in middle cingulate and right inferior parietal cortex.
However, such effects were more pronounced in the low-
severity ASD subsample, with numerous clusters in the frontal
lobe, which included bilateral medial portions close to the frontal
pole, as well as more posterior lateral frontal cortices in the left
hemisphere (Figure 1E). Whereas it is tempting to relate our find-
ings to impaired executive function and cognitive control in ASD
(Hill, 2004), such impairment would be predominantly expected
in lower-functioning children with ASD. The functional and devel-
opmental significance of our findings may therefore lie in what
appears to be an atypical gradient of local connectivity abnor-
malities from mild anterior underconnectivity to robust posterior
overconnectivity in ASD. In higher-severity ASD, the distribution
of this gradient was found shifted toward overconnectivity. Ante-
rior-posterior gradients have been observed with respect to the
expression of ASD-related genes (State and Sestan, 2012) and
early gray matter overgrowth (Courchesne et al., 2011b),
possibly linked to the gradients for local connectivity detected
here. However, it remains to be determined whether frontal
underconnectivity seen in low-severity participants may reflect
a compensatory response to early frontal gray matter over-
growth and neuronal overproliferation.
When considering biological mechanisms that may underlie
observed atypical connectivity, caution is advised because
the concept of ‘‘local connectivity’’ remains loosely defined.
Blood-oxygen-level-dependent (BOLD) correlations across
neighboring voxels may be driven by large numbers of local
neuronal assemblies with predominantly excitatory interconnec-
tivity. Local overconnectivity in posterior cortices could thus be
considered compatible with postmortem findings of reduced
lateral inhibition between densely packed minicolumns in ASD
(Casanova and Trippe, 2009). However, differences in spatial
scale (with minicolumns measuring c. 30–80 mm contrasted by
a 14 mm radius for connectivity density implemented here) pre-
clude any firm mechanistic interpretations.
In summary, our findings show widespread local overconnec-
tivity in ASD but require two crucial qualifications: (1) We
observed an anterior-posterior gradient of local connectivity,
with predominant overconnectivity in posterior regions
Figure 1. Within- and Between-Group Maps for Local Connection Density
(A–E) Surface renderings of local connectivity density for TD (A) and ASD groups (B). Greater Z scores correspond to brain regions with high connectivity (red
scale). Clusters of significant group differences in local degrees (p < 0.05; corrected [corr.]) for entire ASD cohort (C) as well as for higher-severity (D) and low-
severity (E) ASD subgroups in comparison to the TD group (warm colors: ASD > TD; cool colors TD > ASD).accompanied by some regions of underconnectivity in frontal
cortices seen in children with low-severity ASD. (2) Overconnec-
tivity was linked to symptom severity, i.e., it was found predom-
inantly in adolescents with higher-severity ASD, whereas those
with low severity showed a mixed pattern of local connectivity




MRI data were collected from 37 high-functioning adolescents with ASD and
33 typically developing control participants. Six ASD participants with exces-
sive head motion (see below) were excluded from the analysis. Two further
ASD and four TD participants were excluded to restore group matching on
age, handedness, and nonverbal IQ, resulting in a final sample of 29 ASD
and 29 TD participants (Table 1). IQ was quantified using the Wechsler Abbre-
viated Scale of Intelligence (Wechsler, 1999), and handedness was deter-Cemined by the Edinburgh Handedness Inventory (Oldfield, 1971). Clinical
diagnoses were confirmed using the Autism Diagnostic Interview-Revised
(Rutter et al., 2003), ADOS (Lord et al., 2001), and expert clinical judgment
according to DSM-IV-TR criteria (American Psychiatric Association, 2000).
Children with ASD-related medical conditions (e.g., fragile-X syndrome and
tuberous sclerosis) or other neurological conditions (e.g., epilepsy and Tour-
ette’s syndrome) were excluded. Participants in the TD group had no reported
history of ASD as well as no reported history of any other neurological or psy-
chiatric conditions. All participants and caregivers gave informed consent in
accordance with the University of California at San Diego and San Diego State
University Institutional Review Boards.
MRI Acquisition
Imaging data were acquired on a GE 3 Tesla MR750 scanner with an eight-
channel head coil. High-resolution structural images were acquired with a
standard fast spoiled gradient-recalled echo T1-weighted sequence (repeti-
tion time [TR], 11.08 ms; echo time [TE], 4.3 ms; flip angle, 45; field of view,
256 mm; matrix, 256 3 256; 180 slices; 1 mm3 resolution). Functional T2-
weighted images were obtained using a single-shot, gradient-recalled,ll Reports 5, 567–572, November 14, 2013 ª2013 The Authors 569
Figure 2. Correlations between Local Connection Density and
Symptom Severity
(A and B) Correlations of average local degrees in clusters of significant group
differences (all clusters in Figures 1D and 1E combined) with ADOS social (A)
and repetitive behavior scores (B) in the ASD group.echo-planar pulse sequence. One 6:10 min resting-state scan was acquired
consisting of 185 whole-brain volumes (TR, 2,000 ms; TE, 30 ms; slice thick-
ness, 3.4 mm; flip angle, 90; field of view, 220 mm; matrix, 643 64). The first
five time points were discarded to allow for T1 equilibration effects, leaving 180
time points (6 min) for the analysis. Participants were instructed to relax and
keep their eyes directed on a cross-hair in the center of a back-projection
screen for the duration of the scan.
Data Preprocessing
Data were processed using the Analysis of Functional NeuroImages software
(Cox, 1996; http://afni.nimh.nih.gov) and FSL 5.0 (Smith et al., 2004; http://
www.fmrib.ox.ac.uk/fsl). Functional images were slice-time corrected, motion
corrected (3dvolreg) to align to the middle time point, field-map corrected, and
aligned to the anatomical image using FLIRT (Jenkinson et al., 2002; Jenkinson
and Smith, 2001) with six degrees of freedom. FSL’s nonlinear registration tool
(FNIRT) was used to standardize images to the MNI152 standard image (3 mm
isotropic) using sinc interpolation, and the outputs were blurred to a global full-
width-at-half-maximum of 6 mm. Given recent concerns that traditional
filtering approaches can cause rippling of motion confounds to neighboring
time points (Carp, 2013), we used a second-order band-pass Butterworth filter
(Power et al., 2013; Satterthwaite et al., 2013) to isolate low-frequency BOLD
fluctuations (0.008 < f < 0.08 Hz; Cordes et al., 2001).
Regression of a total of 16 nuisance variables was performed to improve
data quality (Satterthwaite et al., 2013). Nuisance regressors included six
rigid-body motion parameters derived from motion correction and their570 Cell Reports 5, 567–572, November 14, 2013 ª2013 The Authorsderivatives. Whitematter and ventricularmaskswere created at the participant
level using FSL’s FAST image segmentation (Zhang et al., 2001) and trimmed
to avoid partial-volume effects. An average time series was extracted from
each mask and was removed using regression, along with its corresponding
derivative. All nuisance regressors were band-pass filtered using the sec-
ond-order Butterworth filter (0.008 < f < 0.08 Hz; Power et al., 2012; Sat-
terthwaite et al., 2013). Global signal regression (GSR) was not performed in
our primary analyses to avoid the creation of spurious anticorrelations (Murphy
et al., 2009), which may confound between-group comparisons (Jones et al.,
2010; Saad et al., 2012). However, additional analyses including GSR were
performed and results are presented in the supplement (Figure S1).
Motion
Motion was quantified as the Euclidean distance between the six rigid-body
motion parameters for two consecutive time points. For any instance
>1.0mm, considered excessivemotion, the time point as well as the preceding
and following time points were censored, or ‘‘scrubbed’’ (Power et al., 2012). If
two censored time points occurred within ten time points of each other, all time
points between them were also censored. In six ASD participants, fewer than
80% of time points remained after censoring. These participants were
excluded from further analysis. In the final sample of 58 participants, only a
total of 84 time points across nine TD participants and a total of 80 time points
across seven ASD participants had to be censored. Average headmotion over
each participant’s session was defined as the root mean square of displace-
ment and did not significantly differ between groups (p = 0.78). For more
detailed analysis of head motion, a two-way ANOVA was also conducted to
test the effects of group and type of motion (three translational and three rota-
tional). The interaction of between-group and motion type was not significant,
F(5,342) = 0.307, p = 0.91. The interaction of between-group and motion type
was also not significant when low- and higher-severity ASD subgroups (see
below) were compared to the TD group, F(5,162) = 0.112, p = 0.99. This indi-
cates that group differences shown in Figures 1C–1Ewere unlikely to be driven
bymotion or type ofmotion. However, for further protection and based on find-
ings of regionally specific effects of motion (Satterthwaite et al., 2013; Yan
et al., 2013), we performed a voxelwise whole-brain analysis testing for corre-
lations between head motion (mean root square of displacement) and local
density. Findings are presented in Figure S2A. An additional conjunction
view presented in Figure S2B shows that areas of strong correlation between
motion and local density only showed minimal overlap with clusters of
between-group effects. Finally, we performed an analysis for a low-motion
subsample, including 22 TD and 20 ASD participants matched for age (p =
0.65), nonverbal IQ (p = 0.77), andmotion (p = 0.84), using amore conservative
head motion threshold of >0.25 mm for censoring (Figure S2C).
Connectivity Density
Following an approach previously used in neurotypical adults by Sepulcre
et al. (2010), we examined local and long-distance functional connectivity
for each voxel. Voxels with r > 0.25 (p < 0.001) were considered functionally
connected, applying a threshold used in previous studies (Buckner et al.,
2009; Sepulcre et al., 2010). A secondary analysis using a more conservative
threshold (r > 0.50) was also performed, and results are presented in the
supplement (Figure S3). Using metrics from graph theory, the measure of local
degrees was defined for each voxel as the number of connected neighboring
voxels within a 14 mm radius to the reference voxel, using the Euclidean
distance between the centers of voxel pairs. To generate a connectivity
map for each group and degree metric, we converted local degrees to
Z scores scores for each individual participant. For within-group maps, these
Z scores scores were averaged across participants from each group. For
group comparisons, Z scores were entered into voxelwise two-sample
Student’s t tests. To correct for multiple comparisons, we used Monte Carlo
simulations (Forman et al., 1995) via AFNI’s 3dclustsim command (uncorrec-
ted threshold: p < 0.05; minimum cluster volume: 50 voxels; corrected
threshold: p < 0.05).
We further examined the relationship between local connectivity and symp-
tom severity, focusing on regions with significant group differences. Clusters
of overconnectivity (all yellow clusters in Figure 1C) and clusters of undercon-
nectivity (all blue clusters in Figure 1C) were combined, respectively, and
Pearson’s correlation analyses were performed between the mean number of
local connections for each and three ADOS scores (as listed in Table 1).
Secondary Analyses for ASD Severity Subgroups
To assess in greater depth how the severity of symptoms impacted the
regional patterns of local functional connectivity, we divided the ASD group
into low- and higher-severity groups of equal size. We used a custom-made
in-house script to examine all possible partitions, retaining those tightly
matched on motion (p > 0.9) and moderately matched on age and nonverbal
IQ (p > 0.4). Of the remaining partitions, the script then selected the one that
maximized the differences in ADOS scores (Table S2).
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and four tables and can
be found with this article online at http://dx.doi.org/10.1016/j.celrep.2013.
10.003.
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